A method for simultaneous detection and quantification is presented to determine the presence of isoflavones and bisphenol A in a biological sample. A coulometric array detector was used with reversedphase high-performance liquid chromatography (HPLC). Daidzein (1), glycitein (2), genistein (3) and their glucoside conjugates, daidzin (4), glycitin (5) and genistin (6), were measured as phytochemicals. Also assayed here was equol (7), a metabolite from compound 1, and bisphenol A (8), an industrial chemical that acts as an endocrine disrupter. All chemicals were simultaneously detected by using a 600-mV single detection voltage with high efficacy. A mixture of 1, 3 and 8 was orally administered to rats, and the levels of these three chemicals in the serum were clearly increased after a 4 kU -glucuronidase treatment. The levels of compounds 1 and 3 in the serum were detected at 1665 and 2040 ng/ml, while 8 was at a low level of 417 ng/ml. Compound 7 in the serum was not detected until after enzymatic hydrolysis (72 ng/ml). These results suggest that this analytical method would be useful for metabolic and pharmacokinetic studies on isoflavones and bisphenol A.
Soybean has been known as a healthy foodstuff in Asia for centuries and more recently in the West. Isoflavones and isoflavone glucosides, classes of phytoestrogens, make up the major phytochemicals present in soybean. The health-related and clinical benefits of isoflavones have been proposed as binding the estrogen receptor, 1) having radical scavenging activities, 2) and having antiproliferative effects on cancer cells.
3) Daidzein (1), genistein (2) and glycitein (3) are the isoflavone aglycons, and predominately occur in the -glucoside form as daidzin (4) , glycitin (5) and genistin (6) in soybean seeds. 4) Equol (7) is one of main products from compound 1, and its metabolism has been reported to depend on the intestinal gut flora type in humans. 5) Antioxidative activity and an affinity for the estrogen receptor have been reported as the physiological functions of compound 7.
6) The chemical structures of these isoflavones, isoflavone glucosides and a metabolite measured in this study are shown in Fig. 1 .
Bisphenol A (8) is an industrial chemical that is principally used as a monomer in polycarbonate plastics and epoxy resins (Fig. 1 ). It has also been reported to be one of the xenoestrogens. 7) Han et al. have reported that the estrogenic activity of 8 in vitro was 100 times less than that of 17-estradiol. 1) Compound 8 can be easily absorbed by the human body from polycarbonate bottles, 8) dental sealants and fillings. 9) It is therefore suggested that soybean isoflavones in foodstuffs and 8 from chemical products are absorbed by our body and y To whom correspondence should be addressed. Tel: +81-92-642-3009; Fax: +81-92-642-3007; E-mail: syasuda@agr.kyushu-u.ac.jp Abbreviations: HPLC, high-performance liquid chromatography; SD, Sprague Dawley; RSD, relative standard deviation can exert a biological effect similar to that of estrogen. To determine and quantify these estrogen-like compounds, various HPLC methods have been developed such as ultraviolet detection, 10) photodiode array detection 11) and electrochemical detection. 12) In particular, a coulometric array system with multiple cells enabled us to determine a chemical's voltage-dependent profile besides its retention time. [13] [14] [15] This method makes it easier to distinguish a test chemical, even in the presence of contaminating substances with a similar retention time. Such distinguishing ability can be very useful for detecting phenolic compounds present in crude samples such as plasma, tissue extracts and urine. 13) It is important to identify the biologically active compounds in foodstuffs and in biological samples such as sera and tissues from animals, and to clarify how those compounds act. In the present study, we demonstrate an analytical method for isoflavones (1, 2 and 3), isoflavone glucosides (4, 5 and 6), a metabolite (7) and an endocrine disrupter (8) using an HPLC system with a coulometric array detector. The amount of each compound in rat serum was simultaneously determined after its oral administration.
Materials and Methods
Materials. Daidzein, daidzin, genistein, genistin, glycitein and glycitin were purchased from Fujicco Co. (Kyoto, Japan), and equol from Fluka Chemie AG (Buchs, Switzerland). Bisphenol A was obtained from Sigma Chemical Co. (St. Louis, MO, USA). HPLCgrade acetonitrile and distilled water were purchased from Kanto Chemical Co. (Tokyo, Japan) and methanol from Nacalai Tesque (Kyoto, Japan). Type H-5 -glucuronidase from Helix pomatia was obtained from Sigma.
Apparatus. All chemicals (1) (2) (3) (4) (5) (6) (7) (8) were analyzed by an HPLC system having two LC10AD pumps controlled by an SCL-10A system (Shimadzu Co., Kyoto, Japan), Mightysil RP-18(L) GP (5 m particle size) column (150 Â 4:6 mm I.D.) (Kanto Chemical Co.) set in a thermal chamber and an eight-channel coulometric electrode array detector (model 5600 CoulArray, ESA, Chelmsford, MA, USA). The mobile phase was degassed with a model DG-980-50 device (Jasco Co., Tokyo, Japan).
Chromatographic conditions. Separation of chemicals 1-8 was carried out by using gradient elution. The mobile phase consisted of two eluents: solution A (an 80:20 mixture of a 50 mM sodium acetate buffer (pH 4.8) and methanol) and B (a 40:40:20 mixture of a 50 mM sodium acetate buffer (pH 4.8), methanol and acetonitrile). The initial conditions were 20% of solution B for 10 min, a linear increase to 100% B over 25 min, and a 10-min hold at 100% B. These mobile phase solutions were degassed and passed through a 0.45-m nitrocellulose filter (Millipore Co., Bedford, MA, USA) before use. The chemicals were dissolved in methanol or ethanol, and the mixture was diluted with the initial mobile phase solution, an 80:20 mixture of solutions A and B. Each sample was maintained at 4 C in an autosampler, and a 50-l portion of the solution was subjected to HPLC. The solution was separated with a flow rate of 0.6 ml/min and column temperature of 30 C.
Data analysis. Electrode oxidative potentials ranged from 350 to 700 mV, and data was sampled at 50-mV increments. The signal peak height and area detected from each electrode was processed by the appended data analysis software to obtain multi-channel profiles. Calibration curves were drawn by plotting the peak signal at the electrode potential that gave the maximum response against a particular sample concentration. The detection limit for each sample was calculated by a method based on the regression curve recommended by the ICH Steering Committee (1995).
Animal sample. A mixture of compounds 1, 3 and 8 (40 mg/ml each) was prepared in safflower oil (Rinoru Oil Mills Co., Nagoya, Japan). Eight-week-old male Sprague-Dawley (SD) rats (Seac Yoshitomi, Fukuoka, Japan) were individually housed in a room controlled at 20 C. The rats were fasted for 10 h, and then 1 ml of the mixture was intragastrically administered under diethyl ether anesthesia. Before or 6 h after the administration, the animals were killed by withdrawing blood from the abdominal aorta under anesthesia, and the serum sample from 4 rats was pooled. All animals were kept in accordance with the Guidelines on Animal Experiments in the Faculty of Agriculture and Graduate Course of Kyushu University, and Law No. 105 and Notification No. 6 of the Japanese government.
Sample preparation for HPLC. The objective compounds were extracted from rat serum (150 l) with 450 l of ethanol, and the resulting supernatant was evaporated by using an SC110 Speed Vac Plus fitted with an RVT400 refrigerated vapor trap (Savant, Holbrook, NY, USA). The residue was resolved in 150 l of the initial mobile phase solution and then subjected to HPLC after filtration.
Enzymatic hydrolysis of the isoflavone and bisphenol A conjugates in rat serum. Rat serum (150 l) was mixed with 40 l of a -glucuronidase solution ranging from 0-10 kU that had been prepared in a 0.58 M acetic acid solution at pH 4.9 and incubated at 37 C for 30 min as described by Manach et al. 16) This enzyme-treated serum was extracted with ethanol as already described. Figure 2 shows an eight-channel chromatogram of the isoflavones, isoflavone glucosides, the metabolite, equol, and bisphenol A after a 50-l mixture of the compounds (25 ng each) had been injected. All chemicals (1) (2) (3) (4) (5) (6) (7) (8) were fully separated in a reversed-phase column within 45 min. Figure 3A shows the relationship between the peak area and detection potential for the isoflavone aglycons after a mixture (25 ng each) had been injected. Compounds 1, 2 and 3 gave the highest signals of around 5 C at 600 mV at 8 detection voltages (350 to 700 mV). Figure 3B shows the calibration curves between the peak area at 600 mV and the injected amount of an isoflavone aglycon at 7 different levels. The range of the injected mixture was 0.78-50 ng for each. The linearity of each compound was calculated from the mean of 3 separate HPLC runs and the detection limit was calculated by a method based on a regression curve. The correlation coefficient for each of the 3 isoflavones was over 0.999. Detection limits were 0.69 ng for 1, 0.62 ng for 2, and 1.75 ng for 3. When the isoflavone glucosides were injected (25 ng each), compounds 4 and 6 gave the highest signal of around 5 C at 600 mV, but compound 5 gave 10 C at 600 mV as shown in Fig. 4A . Figure 4B shows the calibration linearity, all three correlation A 50-l standard mixture of compounds 1-8 containing 25 ng each was applied to HPLC. The sequential detection voltage ranged from 350 to 700 mV, and data were sampled at 50-mV increments. The retention times for the isoflavone glucosides were 11.4 min for 4, 13.1 min for 5 and 21.7 min for 6. The retention times for the aglycons were 33.7 min for 1, 34.8 min for 2, and 38.5 min for 3. Compound 6 was eluted at 37.0 min, and the retention time for 8 was 43.0 min. A 50-l standard mixture of the isoflavone aglycons containing 25 ng each was applied to HPLC. Voltage-dependent profiles for compounds 1-3 were drawn by plotting the signals at various detection potentials (A). Calibration curves were drawn by plotting the peak areas at 600 mV, and the range of injected mixture amount was 0.78-50 ng for each (B). The correlation coefficients were 1.000 for 1 (unfilled square), 1.000 for 2 (unfilled diamond) and 0.999 for 3 (unfilled circle).
Results
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coefficients being over 0.997. The detection limits were 0.30 ng for 4, 0.32 ng for 5, and 0.63 ng for 6. Compounds 7 and 8 were injected (25 ng) and gave the highest signal of over 10 C at 600 mV as shown in Fig. 5A . Figure 5B shows the calibration linearity for both compounds, the correlation coefficients being over 0.998 for both. The detection limit for 7 was 0.69 ng and for 8 was 0.75 ng. In this study, all compounds (1) (2) (3) (4) (5) (6) (7) (8) demonstrated the largest peak areas at 600 mV, 7 in particular showing a strong and sharp signal pattern. The detection of peak area at 600 mV for each compound resulted in good linearity for quantification, thus enabling each compound's detection limit to be clarified. We demonstrate here that all the analytical compounds showed the largest signal at 600 mV in a voltagedependent and -characteristic manner, and that this may A 50-l standard mixture of the isoflavone aglycons containing 25 ng each was applied to HPLC. Voltage-dependent profiles for compounds 4-6 were drawn by plotting the signals at various detection potentials (A). Calibration curves were drawn by plotting the peak areas at 600 mV, and the range of injected mixture amount was 0.78-50 ng for each (B). The correlation coefficients were 0.998 for 4 (unfilled square), 0.997 for 5 (unfilled diamond) and 1.000 for 6 (unfilled circle). A 50-l standard mixture of equol and bisphenol A containing 25 ng each was applied to HPLC. Voltage-dependent profiles for compounds 7 and 8 were drawn by plotting at the signals at various detection potentials (A). Calibration curves were drawn by plotting the peak areas at 600 mV, and the range of injected mixture amount was 0.78-50 ng for each (B). The correlation coefficients were 0.998 for 7 (unfilled triangle) and 1.000 for 8 (quartered square).
be a useful analytical method for simultaneously quantifying all 8 compounds.
Accuracy of the intra-and inter-day assays
To determine the accuracy of our measurements, sequential injections of 5 or 25 ng each of the mixture (including all chemicals 1-8) were performed as shown in Table 1 . The retention time in the intra-day assay is shown by precision values of the relative standard deviation (RSD) (n=10) for under 0.5% of all the compounds, while these are shown for less than 1.4% in the inter-day assay (3 days, means of 3 or 10 replicated injections). In respect of the peak area in the intra-day assay, %RSD values were under 5.8% (5 ng injection excepting genistein) or 11.4% (25 ng injection) for all the compounds. In respect of the peak area in the interday assay, %RSD values were under 11.3% (5 ng injection excepting genistein) or 11.4% (25 ng injection) for all compounds. In case of detection by using the peak height, %RSD values in the intra-and inter-day assays are shown similarly to those for the peak area. The results by this analytical method with an autosampler demonstrate good accuracy at the retention time for all compounds. The intra-and inter-day assay precision was found to be useful in both the detection of peak area and height for all compounds at a 25-ng injection, except for the small amount of genistein (5 ng).
Quantitative analysis and enzyme treatment optimization
The chromatograms in Figs. 6A-6C show a comparison with a standard control (25 ng each of the isoflavone aglycons and bisphenol A) and the rat serum samples. The substances were separated in the reversed-phase column, and the retention times of the sample peaks were tested for matching the objective standard peak at 600 mV. When the rats were administered with a mixture of 1, 3 and 8 (40 mg each), these compound peaks in the serum were respectively detected in the free form (Fig. 6B) . To determine the glucuronide conjugates of compounds 1, 3 and 8, enzymatic hydrolysis was performed with -glucuronidase. The free-form levels of 1, 3 and 8 could be clearly detected when the serum was incubated with 4 kU of -glucuronidase (Fig. 6C) . Some peaks containing an asterisk mark disappeared and they could not be identified as glucuronide conjugates in this study. Before the mixture was given to the rats, none of the 3 chemicals were detected in the serum even when the -glucuronidase treatment was performed (data not shown). Compound 2 in the serum was detected neither before nor after enzymatic hydrolysis, but compound 7 was detected after the enzyme treatment. It is essential to use -glucuronidase for indirect detection of the conjugated form of chemicals. In order to determine the optimum experimental dose for use, the levels of 1, 3, 8 and 7 in the serum were plotted after various doses of the enzyme (Fig. 7) . Before the enzyme treatment, 1, 3 and 8 were detected in the serum in the free form at 61 ng/ml, 126 ng/ml and 20 ng/ml, respectively. The total levels (free + conjugated form) of 1 (1665 ng/ml), 3 (2040 ng/ml) and 8 (417 ng/ml) reached a maximum when treated with 4 kU -glucuronidase. Although the mixture of 3 chemicals (1, 3 and 8 at 40 mg each) was given to the rats, the total level of 3 in the serum was higher than that of any other compound, 8 in particular being the lowest. In the case of 7, this was detected (72 ng/ml) at a maximum level after the 4 kU enzyme treatment. Therefore, the 4 kU -glucuronidase treatment was enough to analyze the conjugates of these chemicals with maximum efficacy in this study. Table 2 shows the peak area ratios obtained from the standard and serum before and after the treatment with Variation (%RSD; % of relative standard deviation) in the intra-day data is shown from the mean of 10 replicated injections. Variation in the inter-day data is shown from the mean of 3 days with 10 or 3 replicated injections. Data are shown as the leading/dominant or following/dominant peak area ratios before or after enzymatic hydrolysis with 4 kU -glucuronidase. ND is not detected.
Ratio accuracy
Unknown peak: 550 mV/600 mV Standard peak: 550 mV/600 mV and Unknown peak: 650 mV/600 mV Standard peak: 650 mV/600 mV is shown in parentheses.
-glucuronidase. As can be seen in Fig. 3 , the detection voltage giving the maximum response (termed the dominant potential) is 600 mV for all 8 compounds.
The adjacent upstream cell potential, 550 mV, is defined as the leading potential, and the adjacent downstream cell potential, 650 mV, is named the following potential. The response ratio (peak area) between the leading/ dominant and following/dominant potential give useful information for identification based on the characteristic voltage dependence as well as the retention time. The ratio obtained from an authentic standard can be used to match an unknown peak from a biological sample. The ratio accuracy was then calculated as follows: {Leading (or following) response/dominant response from unknown peak}/{Leading (or following) response/dominant response from standard peak}. If the ratios are equivalent, the ratio accuracy should equal 1. The results for the two ratio accuracies in Table 2 are shown to be around 1.00 (AE30%) for 1, 3 and 8 (before the enzyme treatment) and for 1, 3, 8 and 7 (after the enzymatic hydrolysis). In this study, these 4 chemicals could be simultaneously determined and quantified in their free-forms in a biological sample by using the coulometric array detection method.
Discussion
Isoflavones in human urine were first quantified by gas chromatography (GC). 17, 18) Since the preparation required for GC is complicated, an HPLC method using a reversed-phase column together with UV detection for the isoflavones in bovine plasma and urine was developed by Franke et al. 19) Gamache et al. also developed a way to detect the isoflavones in plasma, urine and tissues by using reversed-phase HPLC and a coulometric array detection method. 13) Our laboratory has made some modifications to this method to extract and detect the isoflavones in human plasma and rodent serum. In our study (Fig. 2) , all analytical compounds (1-8) could be separated and detected simultaneously.
Our method was able to demonstrate simple extraction and detection for compound 7 more sensitively (0.69 ng) than the method described (3.02 ng) by Franke et al. 19) HPLC coupled with coulometric detection 13) can be less expensive and easier to initiate than GC-MS 20) or the immunofluorescence method 21) and may be more sensitive than HPLC-UV methods. 22) Coulometric detection also revealed a voltage-dependent profile for oxidative-reductive compounds. In this study, all 8 chemicals showed a dominant peak at 600 mV, the voltage-dependent profiles being shown in Figs. 3A, 4A and 5A. This method therefore enables us to visually compare many chromatograms for various chemicals under the same detection voltage. Mullner et al. 14) have reported that the dominant peak was 500 mV for 1, and 450 mV for 3; however, those results do not correspond with the data in this present study. Variability in the intra-and inter-day assay for 8 chemicals is demonstrated in Table 1 , presenting good accuracy for the retention time (under 1.4% of RSD) and peak area (under 10.4% of RSD for a 25-ng injection).
Some isoflavones have been reported to exist mainly as glucuronide in the body of humans or rodents, 23, 24) but the conjugates have not been commercially available. Therefore, determining the liberated free form levels has been focused on after a deconjugating enzyme treatment; for example, -glucuronidase has been used to measure not only isoflavones, 25, 26) but bisphenol A, 27) catechin, 28) quercetin 12) and tocopherol metabolites 29) in biological samples. As shown in Fig. 6, compounds 1, 3 , 7 and 8 could be easily detected in the free form in the enzyme-treated serum. This phenomenon occurred with the disappearance of some unknown peaks. Also, 4 kU of -glucuronidase was found to be the optimal amount for complete hydrolysis that was needed for accurate analysis (Fig. 7) . The objective peak was identified by the peak ratio based on the chemical's voltage-dependent profile and its retention time (Table 2 ). Shi et al. recommend that less than a 30% peak ratio variation (vs. standard) provides more precise quantification than at just 100% for coulometric array detection. 30) Since some peaks in crude samples have small adjacent or shoulder peaks, a certain degree of variation of this systematic parameter was needed for identification. Our results also show less than 30% variation for the ratio accuracy of compounds 1, 3, 8 and 7 in Table 2 .
In conclusion, this method of using HPLC with a coulometric array detector enabled us to simultaneously detect 8 phyto-and xeno-estrogenic compounds (1) (2) (3) (4) (5) (6) (7) (8) in rat serum under a 600-mV detection voltage with maximum efficiency. The conjugated form of each compound in the serum could be detected and quantified after enzymatic hydrolysis by using -glucuronidase. This analytical method can be applied to measure the isoflavone levels in animals and will provide greater information about the metabolism and pharmacokinetics of estrogen-like chemicals for further studies.
